Background
==========

The human *lmo2* gene (also called *rbtn2* or *ttg2*) is located on 11p13 and encodes a 158 aa protein product containing only 2 tandem LIM domains (called LIM-Only 2, LMO2) \[[@b1-medscimonitbasicres-26-e924421],[@b2-medscimonitbasicres-26-e924421]\]. LMO2 is widely expressed in mammal tissues, with the highest expression level in hematopoietic progenitors and endothelia \[[@b3-medscimonitbasicres-26-e924421],[@b4-medscimonitbasicres-26-e924421]\]. The LMO2 protein belongs to group 1 LIM domain superfamily, in which the typical LIM domain consists of 2 tandem Zinc fingers, mediates extensive protein interactions but directly lacks DNA binding capacity \[[@b5-medscimonitbasicres-26-e924421]\]. Moreover, LMO2 shows either predominantly nuclear distribution in hematopoietic-endothelial cells or primary cytoplasmic distribution in most of the epithelia \[[@b3-medscimonitbasicres-26-e924421]\]. In a classic molecular model in hematopoietic cells, LMO2 functions as a bridging molecule to assemble a transcriptional complex including LDB1, GATA1, and TAL1/E47 and therefore regulates gene transcription via binding to specific DNA motifs \[[@b6-medscimonitbasicres-26-e924421]--[@b8-medscimonitbasicres-26-e924421]\]. Recent literatures indicated that LMO2 functioned independently of such complex as well and performed dual-directional transcription regulation pattern \[[@b9-medscimonitbasicres-26-e924421],[@b10-medscimonitbasicres-26-e924421]\]. Other studies have reported LMO2 nuclear partners beyond the classic complex members include GATA3, ZEB1, and FOXP3 in T-All \[[@b9-medscimonitbasicres-26-e924421],[@b11-medscimonitbasicres-26-e924421]\] and ELK1, NFATc1, and LEF1 in defused large B cell lymphoma (DLBCL) \[[@b12-medscimonitbasicres-26-e924421],[@b13-medscimonitbasicres-26-e924421]\]. Meanwhile, some of our previous studies identified several LMO2 cytoplasmic partners as well, including cofilin1 \[[@b14-medscimonitbasicres-26-e924421]\], ARP3, profilin1 \[[@b15-medscimonitbasicres-26-e924421]\], DVL-1/-2 \[[@b4-medscimonitbasicres-26-e924421]\], and UBA6 \[[@b16-medscimonitbasicres-26-e924421]\]. The LIM-Only structural feature of LMO2 implies its wide-spectrum protein interaction potential and therefore diversified cellular functions. In this study, we aimed to explore the overall feature of LMO2 protein interactome as well as the LMO2 functional profile through integrating analysis of yeast 2-hybrid (Y2H) data and other relative biological information.

Material and Methods
====================

Yeast 2-hybrid (Y2H) assay
--------------------------

The assay was performed with Matchmaker™ Gold Yeast 2-Hybrid system (Clontech, Palo Alto, CA, USA). In brief, full-length LMO2 fusing with GAL4 DNA binding domain (GAD4-BD) was constructed as the bait and the pre-transformed human universal cDNA library from Clontech was used for screening. Mating and selecting procedures were stringently following the instruction from the manufacturer. Finally, positive clones were picked out, used as the template for polymerase chain reaction (PCR) amplification and the amplified fragments from each clone were sequenced.

Bioinformatic analysis methods
------------------------------

All sequences from Y2H positive clones were subjected to both Nucleotide and Protein BLAST (Basic Local Alignment Search Tool) on NCBI website (*<https://blast.ncbi.nlm.nih.gov/Blast.cgi>*). Translated peptides that match with the open reading frame (ORF) of target genes were categorized as the ORF group (the LMO2 core interactome), whilst those did not match with the relative ORFs were further categorized as 3′-UTR, 5′-UTR, intron, lncRNA, intergenic groups, or not available (NA) based on their nucleotide BLAST results. Each ORF member was subjected to Conserved Domain Search (CD-Search) algorithm (*<https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi>*) and the domain information was recorded if it matched with a specific domain. ORF group members that did not hit any conserved domains, together with those from other groups, were further subjected to the analysis of peptide stability index and average hydropathicity by ExPASy algorithm on Swiss Institute of Bioinformatics (SIB, *<https://web.expasy.org/protparam/>*) and secondary structure by DNAMAN6.0 software (Lynnon Biosoft, San Ramon, CA, USA).

Information of subcellular distribution of core LMO2 interactome members and the extended gene list related to the recurrent LMO2-interacted domains were retrieved from Genecards Database (*<https://www.genecards.org/>*). The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment assays were performed by R ClusterProfiler package \[[@b17-medscimonitbasicres-26-e924421]\] with default parameters. Relative plots were drawn by R ggplot2 package.

Results
=======

LMO2 has a wide spectrum of interaction members with several preferred domains and peptide features
---------------------------------------------------------------------------------------------------

A quadruple selection system (−Ade/−His/+[X]{.ul}-a-Gal/+[A]{.ul}ureobasidin A) was used for the Y2H screening ([Supplementary Figure 1A](#s1-medscimonitbasicres-26-e924421){ref-type="supplementary-material"}). Toxicity and autoactivation of GAL4-BD-LMO2 construct were firstly excluded by normal yeast growth on SD/-TRP plate whilst completely growth inhibition on SD/−TRP/X/A plate, and the known LMO2-LDB1 interaction as the positive control was confirmed by positive yeast growth on SD/−Leu/−TRP/X/A (DDO/X/A) plate and blue colonies ([Supplementary Figure 1B](#s1-medscimonitbasicres-26-e924421){ref-type="supplementary-material"}). After mating of the GAL4-BD-LMO2 strain with GAL4-AD library, positive clones were firstly selected on the DDO/X/A plates for the first round screening and then blue colonies were re-seeded on the QDO/X/A plates (SD/−Ade/−His/−Leu/−Trp/+X-a-Gal/+Aureobasidin A) for the second round (stringent) screening ([Supplementary Figure 1C](#s1-medscimonitbasicres-26-e924421){ref-type="supplementary-material"}). The finally positive clones after stringent screening were PCR amplified and sequenced, and a total of 205 sequences as the potentially LMO2 interacting partners were obtained (Supplementary Table 1). DNA and protein blast showed that among all these sequences, 123 were matched with the coding sequence (ORF) region of certain genes, whilst 50 in 3′-UTR, 4 in 5′-UTR, 7 in intron, 3 in LncRNA, 11 in intergenic region, and 8 that could not match any region of human genome (NA), all of which represented a false-positive part of the Y2H result ([Figure 1A](#f1-medscimonitbasicres-26-e924421){ref-type="fig"}). Additionally, CD search of the 123 coding sequences identified 103 sequences containing conserved domains, and some typical domains, including WD40 repeat, coiled-coil, Ankyrin repeat, Zinc finger, FN3, SH3, metallo-dependent hydrolases, and NADB_Rossmann, recurrently appeared in these members ([Figure 1B](#f1-medscimonitbasicres-26-e924421){ref-type="fig"}, Supplementary Table 1). These domains represented a repertoire of LMO2 favored interacting domains and of note, although PDZ domain appeared only once, our previous work had demonstrated that LMO2 could bind with the PDZ domain of disheveled proteins \[[@b4-medscimonitbasicres-26-e924421]\], indicating that PDZ domain should be an authentic interacting partner of LMO2 as well.

The in frame BD-fusion peptides from non-coding sequences, although considered as the artificial section of the Y2H screening, together with the rest of the coding sequences without any matched conserved domains, might provide additional biochemical and biophysical features of LMO2 interactome. Analysis on such set of peptides revealed that the peptides length ranged from 7aa to 275aa, and LMO2 favored the peptides containing α-helix or β-sheet secondary structure or both, particularly the β-sheet, with the exception of just 5 members containing only random coils ([Figure 1C](#f1-medscimonitbasicres-26-e924421){ref-type="fig"}). Notably, LMO2 also favored to bind to the peptides with relatively unstable confirmation ([Figure 1C](#f1-medscimonitbasicres-26-e924421){ref-type="fig"}, above the threshold), balanced hydrophility/hydrophobity ([Figure 1D](#f1-medscimonitbasicres-26-e924421){ref-type="fig"}, most members concentrated at −0.5 -- +0.5 of average hydropathicity value) but had no preference on isoelectric point ([Figure 1D](#f1-medscimonitbasicres-26-e924421){ref-type="fig"}, pI ranged from 3.79 to 12.1).

Function prospect of LMO2 via its core interacting partners and extended related genes
--------------------------------------------------------------------------------------

Although LMO2 has been reported to distribute either in nucleus or cytoplasm, the subcellular distribution of its core interactome members showed a wide spectrum, including nucleus, cytosol, mitochondrion, membrane system as well as extracellular, and these members covered a large cellular function categories ([Figure 2A, 2B](#f2-medscimonitbasicres-26-e924421){ref-type="fig"}, and [Supplementary Table 2](#s2-medscimonitbasicres-26-e924421){ref-type="supplementary-material"}). Moreover, according to the public data from Genecards Database (*<https://www.genecards.org/>*), we found that most of these members had a dominant but generally more than one distinct subcellular localization, with a majority had been functional annotated by GO or KEGG whilst a minority not yet (function unclear, [Figure 2A, 2B](#f2-medscimonitbasicres-26-e924421){ref-type="fig"}). KEGG and GO (biological process \[BP\] and cellular component \[CC\]) functional enrichment assay revealed that the core LMO2 partners primarily enriched on the functions of carbohydrate metabolism, particularly glucose, propanoate, and lactate metabolism; nucleoside metabolism, including both purine and pyrimidine metabolism; co-enzyme metabolism; ribosome and mitochondrion related functions ([Figure 2C](#f2-medscimonitbasicres-26-e924421){ref-type="fig"}), altogether implementing the potentially cytosol function complexity of LMO2.

Since the LMO2 preferred binding domains might exist in more members other than those Y2H assay identified and we might therefore miss some information, we next collected the extended structural and functional related genes of 6 primary domains, including WD40 repeat, coiled-coil, Ankyrin repeat, Zinc finger, PDZ, and SH3 (gene list available on Genecards Database, *<https://www.genecards.org/>*) and performed additional functional enrichment assay. Notably, related genes from each of the 6 domains along, in the union set or intersect of the 6 domains were all dramatically enriched in relations with a majority types of cancers and several classic cancer related functions, particularly for the 6 domain intersect genes which represented a more concentrated and confident set of LMO2 functional related members ([Figure 2D](#f2-medscimonitbasicres-26-e924421){ref-type="fig"}). Altogether these results strongly suggested LMO2 a tightly cancer-related gene.

Discussion
==========

The LIM domain is well studied as a characteristic module that mediates multiple protein-protein interactions \[[@b5-medscimonitbasicres-26-e924421]\]. LMO2, due to its LIM domain-only structural feature, lacks any enzymatic or DNA binding activities and is generally considered as a "bridging or blocking" molecule. Although short peptide length (only 158 aa) and simple functional domains, LMO2 has rather pivotal functions. Early studies showed that *lmo2-Null* mutations caused embryonic lethality at E10.5 due to the failure of yolk sac erythropoiesis \[[@b18-medscimonitbasicres-26-e924421]\], and LMO2 was essential for initiation of embryonic angiogenesis as well \[[@b19-medscimonitbasicres-26-e924421]\]. However, LMO2 was highly expressed in kinds of hematopoietic lineages but not T cells, whereas its ectopic expression specifically caused T-cell development arrest and T cell leukemia (T-ALL) \[[@b20-medscimonitbasicres-26-e924421]--[@b23-medscimonitbasicres-26-e924421]\]. These physiological and pathological functions are in accordance with the highest abundance and predominant nuclear localization of LMO2 in hematopoietic cells and endothelia \[[@b3-medscimonitbasicres-26-e924421],[@b12-medscimonitbasicres-26-e924421]\]. Meanwhile, LMO2 has ubiquitous and moderate expression primarily in cytoplasm in most of epithelial cells and a set of its cytoplasmic interacting partners have been identified as well \[[@b3-medscimonitbasicres-26-e924421],[@b4-medscimonitbasicres-26-e924421],[@b14-medscimonitbasicres-26-e924421]--[@b16-medscimonitbasicres-26-e924421]\]. In this study, we found that LMO2 favored binding to peptides with β-sheet structure and relatively unstable confirmation. Moreover, LMO2 itself also reveals in some degree conformational flexibility that facilitates its interaction with other proteins \[[@b24-medscimonitbasicres-26-e924421],[@b25-medscimonitbasicres-26-e924421]\]. Thus, it can be speculated that the structure feature of LMO2 itself and its preferred binding peptides benefits mutually to allow it the characteristic of a wide spectrum of protein interactome.

In this study, we also identified several LMO2 favored interacting domains, including WD40 repeat, coiled-coil, Ankyrin repeat, Zinc finger, PDZ, and SH3. However, there was a defect that some known LMO2 binding partners, such as LDB1, GATA1, TAL1, and LYL1, were failed to be screened out by Y2H. This was possibly due to the composition bias of the screening library and/or sequencing failure of some positive clones, and implied that some positive LMO2 interaction partners might be missed. To address this issue, we expanded the LMO2 interaction repertoire by domain similarities. All the 6 domain containing protein families have multiple members and their functional related genes, all of which represent the extended repertoire of LMO2 functional targeted candidates. Notably, these genes were distinctively enriched in the cancer related functions, indicating that the predominant functions of LMO2 are involved in cancers. Previous literatures indicated that nuclear LMO2 could either activate or inhibit gene transcription depending on interaction with different partners and binding to different DNA motifs \[[@b8-medscimonitbasicres-26-e924421]--[@b10-medscimonitbasicres-26-e924421],[@b12-medscimonitbasicres-26-e924421]\]. As a cytoplasmic protein, LMO2 also functions as either an oncogene or a tumor suppressor via interaction with a variety of proteins and participates in multiple cellular processes \[[@b4-medscimonitbasicres-26-e924421],[@b14-medscimonitbasicres-26-e924421],[@b15-medscimonitbasicres-26-e924421],[@b26-medscimonitbasicres-26-e924421]\]. The structural feature of LMO2, as well as the diversity of its interaction spectrum, suggests that it may be consumed by different partners and thus involved in multiple cellular pathways simultaneously in a certain cell type, and the interaction preference of LMO2, as well as the relative abundance ratio of LMO2 and other partners, may altogether determine the diversified predominant functions of LMO2 in different cell backgrounds.

Conclusions
===========

Taken together, this study depicted an overview of LMO2 favored protein-interaction pattern in both secondary structure and domain level, and concentrated LMO2 function in some of cytosol metabolism pathways as well as multiple types of cancers.
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###### 

An overview of the procedures and results of yeast 2-hybrid (Y2H) assay using LMO2 as the bait. (**A**) The quadruple selection system and working flowchart of the Y2H assay. (**B**) The images of plates for LMO2 autoactivation, toxicity and LMO2-LDB1 interaction (positive control) detection. (**C**) Images of plates for the second round (stringent, QDO/X/A) selection of Y2H positive clones.

**Supplementary Table 1**. All sequences and other biochemical features of potentially LMO2 interacting partners from yeast 2-hybrid assay.

Supplementary Table 1. available from the corresponding author on request.

###### 

Information of subcellular distribution and functional categories of core LMO2 interaction partners.

  Subcellular/functional category          Genes
  ---------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Nucleus**                              
  Transcriptional factors                  COMMD8, ZBED5, NR2C1, DCAF6, POLR2C, RBPJ
  Epigenetic regulators                    MLL5, ASH2L, SAP18, PRMT2, GLYATL1, BBS2
  DNA recombination and repair             SWI5, POLI, RBPJ, VWA3B, ZMAT1
  RNA splicing, processing and transport   TOE1, MTREX, SF3B1, IFIH1, EIF4A3, RPP40, RBM4, RAE1, RTCB
  Others                                   BOC, CCDC173, CCDC127, C1orf194, MORN2, PARD3B, STAG3, CFOP1, UBE2Q1, **UFM1**
  **Cytosol**                              
  Metabolism & redox                       **PGAM1**, **PGK1**, **LDHA**, **LDHB, LDHC,** DAO, PRMT2, GLYATL1, MMADHC, ADA, GLS, PCCA, DPYS, TALDO1, GSTA4, ADH1, **ALDH2**, **AOX1**
  Cell signalling regulators               PDE11A, WDR91, LITAF, **RACK1**, ZNF622, **NCKAP1**, **ABI1**, **PPP2CB**, NR2C1,
  Cytoskeleton & introcellular traffic     RAE1, TTC8, DOCK11, **CCT6A, ACTR3**, SH3YL1, ABI1, NCKAP1, DCTN6, CAPRIN2, SEC23B, STX8, AP3S1, RINT2, MORN2, BBS2
  Ubiquitination related factors           UBE2Q1, DCAF6, WSB1, FAM188A, POMP
  RNA related and Ribosomal member         RTCB, BTG3, NARS, QARS, GSPT2, RBM4, RPL30, IFIH1, EIF4A3
  Others                                   POLR2C, COMMD8, ANKRD7, SEC31A
  **Mitochondrion**                        
  Inner membrane_respiratory chain         **NDUFA13**,**NDUFB10**, UQCRFS1, SQOR, **COX4I1**, **ATP50**, PARL
  Matrix_metabolism                        ALDH2, PCCA, MMADHC, GLS, LDHB, NADK2
  Ribosome/tRNA related                    MTIF2, MRPL24, MRPL48, MRPL45, **NARS**, QARS
  Others                                   CAPRIN2, HEBP2, RACK1, LACTB
  **Membrane system**                      
  Plasma membrane                          BOC, OSMR, **ATP1B3, ATP50**, GJC1, LITAF, CAPRIN2, BBS2, MLL5, ABI1, SH3YL1, STX8, STAG3, ADA, ADH1B
  ER                                       SEC31A, SEC23B, DAD1, PLOD1, RINT1, ABI1, STX8, RTCB, GJC1, CCDC80, **UFM1**
  Golgi apparatus                          LUM, OGN, MGAT5, AP3S1, SEC23B, LITAF, STX8, ZNF622
  Lysosome/endosome                        LUM, OGN, WDR91, LITAF, STX8, HEBP2, ADA
  Peroxisome                               DAO
  Extracellular                            
  Matrix and matrix-related enzymes        LUM, OGN, MFAP5, APOH, CCDC80, MGAT5, CPA3, DAD1, PLOD1
  Secretory ligands                        RLN1, C1S, CCL4
  Others                                   **PGAM1, PGK1, LDHA, LDHB, LDHC, ALDH2, AOX1, ADA, TALDO1, RPL30, PPP2CB, RACK1, ABI1, NCKAP1, ACTR3, CCT6A, STAG3, UFM1, ATP1B3, ATP50, COX4I1, NDUFA13, NDUFB10, NARS**
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![LMO2 has a wide spectrum of interaction members with several preferred domains and peptide features. (**A**) Pie plot showing the distribution of all positive LMO2-binding sequences from Y2H screening in each category. (**B**) The list of recurrently appeared domains and their relevant members in LMO2 core interactome. (**C**) The bubble plot showing the distribution of length, predicted secondary structure and stability of LMO2 binding peptides without any conserved domains in each category. Relative information was marked on the plot. (**D**) The bubble plot showing the distribution of predicted hydropathicity and isoelectric point (pI) of LMO2 binding peptides without any conserved domains. Relative information was marked on the plot. Y2H -- yeast 2-hybrid; ORF -- open reading frame; 3′-UTR -- 3′-untranslated region; 5′-UTR -- 5′-untranslated region; lncRNA -- long non-coding RNA; NA -- not available.](medscimonitbasicres-26-e924421-g001){#f1-medscimonitbasicres-26-e924421}

![Function prospect of LMO2 via its core interacting partners and extended related genes. (**A**) Heatmap showing the subcellular distribution of LMO2 core interactome members with KEGG or GO annotation and (**B**) Heatmap showing the subcellular distribution of LMO2 core interactome members without KEGG or GO annotation. Legend from 5 to 0 indicated the normalized subcellular abundance from highest to none. (**C**) Dot plot showing the enriched KEGG, GO_BP and GO_CC terms from the enrichment assay on LMO2 core interactome members. Relative information was marked on the plot. (**D**) Dot plot showing the enriched cancer related KEGG terms from the enrichment assay on extended 6 domain related members. Relative information was marked on the plot. GO -- Gene Ontology; KEGG -- Kyoto Encyclopedia of Genes and Genomes; BP -- biological process; CC -- cellular component.](medscimonitbasicres-26-e924421-g002){#f2-medscimonitbasicres-26-e924421}
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